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T h i s r e p o r t was p r e p a r e d as an account of Government sponsored work. N e i t h e r the United States. n o r the Commission, n o r any p e r s o n acting on behalf of the C o m m i s s i o n :
A. Makes any w a r r a n t y o r r e p r e s e n t a t i o n , e x p r e s s e d o r impUed, with r espect to the a c c u r a c y , compLeteness, o r usefulness of the information contained in this r e p o r t , o r that the use of any information, a p p a r a t u s , method, o r p r o c e s s disclosed in this r e p o r t m a y not i n f r i n g e p r i v a t e l y owned rights; o r B. A s s u m e s any l i a b i l i t i e s with r e s p e c t to the use of, o r for d a m a g e s r esulting f r o m the use of any information, apparatus, method, o r p r o c e s s d i s c l o s e d i n this r e p o r t .
As used in the above, t p e r s o n a c t i n g on behalf of the C o m m i s s i o n w includes any employee o r c o n t r a c t o r of the C o m m i s s i o n , o r employee of such c o n t r a c t o r . to the extent thst such employee o r c o n t r a c t o r of the C o m m i s s i o n , o r employee of such c o n t r a c t o r p r e p a r e s , d i s s e m i n a t e s , o r provides a c c e s s to, any information p u r s u a n t to his emptoyment o r c o n t r a c t with the Commission, o r his employment with such c o n t r a c t o r .
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I n the s p r i n g of 1964, Sandia L a b o r a t o r y , A l b u q u e r q u e , New M e x i c o , found i t s e l f in a p o t e n t i a l l y u n t e n a b l e p o s i t i o n of n e e d i n g e l e c t r o n i c e q u i pm e n t f a s t e r t h a n the p r e s e n t t e c h n i q u e s would a l l o w e q u i p m e n t to be g e n e ra t e d . In an a t t e m p t to find a s o l u t i o n to the p r o b l e m , a six m o n t h f e a s ib i l i t y s t u d y was i n i t i a t e d by Dr. G e o r g e H a n s c h e of Sandia C o r p o r a t i o n ' s f i e l d t e s t o r g a n i z a t i o n and c o n t r a c t e d to the T h o m a s B e d e F o u n d a t i o n of Los A l t o s , C a l i f o r n i a . At the e n d of the f e a s i b i l i t y c o n t r a c t , t h e T h o m a s B e d e F o u n d a t i o n , and p a r t i c u l a r l y Dr. Iben B r o w n i n g , the E x e c u t i v e D i r e c t o r of the F o u n d a t i o n , s u g g e s t e d s o m e n o v e l a p p r o a c h e s .
The s t u d y v e r i f i e d the p r a c t i c a l i t y of p u t t i n g m u c h of the p r o d u c t i o n of p r i n t e d c i r c u i t b o a r d s on a c o m p u t e r . A c o n t r a c t was d r a w n up b e t w e e n
Sandia, t h e T h o m a s B e d e F o u n d a t i o n , and a c o n s u l t a n t , M r . H. S h u t z b e r g e r of M A G -N U M E n g i n e e r i n g , I n c . , A l b u q u e r q u e , New M e x i c o , to i n c o r p o r a t e into the Sandia c o m p u t e r f a c i l i t i e s the a c t i v i t i e s i n d i c a t e d b y t h e f e a s ib i l i t y r e p o r t . The a u t h o r s of t h i s p a p e r w e r e s e n t to Los A l t o s , C a l i f o r n i a , as r e p r e s e n t a t i v e s of Sandia to a i d in the c o m p l e t i o n of the p r o j e c t .
B e f o r e a m e a n i n g f u l e x p l a n a t i o n of the s y s t e m that was d e v e l o p e d can be g i v e n , it is e s s e n t i a l that the r e a d e r u n d e r s t a n d what a p r i n t e d A p r i n t e d c i r c u i t b o a r d is a n a s s e m b l y of e l e c t r o n i c a n d e l e c t r om e c h a n i c a l c o m p o n e n t s m o u n t e d on a t h i n i n s u l a t i n g b o a r d w h o s e s u r f a c e s u p p o r t s a n u m b e r of i s o l a t e d c o p p e r c o n d u c t i v e p a t h s . E a c h c o m p o n e n t l e a d a t t a c h e s to a c o p p e r c o n d u c t i v e p a t h ( c a l l e d a nnode n) w h i c h s e r v e s as an e q u i p o t e n t i a l f o r the c o m p o n e n t and a l l o t h e r c o m p o n e n t s c o n n e c t i n g to the n o d e . The t h i n i n s u l a t i n g b o a r d p r o v i d e s i s o l a t i o n b e t w e e n c o n d u c t i n g p a t h s as w e l l as s u p p o r t f o r the e n t i r e a s s e m b l y . At one e n d of a p r i n t e d c i r c u i t b o a r d is e i t h e r a c o n n e c t o r o r a s e t of p r i n t e d c o n t a c t s w h o s e p u r - The p a r t of the p r o c e s s of p r o d u c i n g the p r i n t e d c i r c u i t b o a r d t h a t l e n d s i t s e l f to c o m p u t e r o p e r a t i o n s s t a r t s w i t h t h e c i r c u i t s p e c i f i c a t i o n that an e n g i n e e r g e n e r a t e s and s t o p s w i t h the p h y s i c a l c o n s t r u c t i o n of the c i r c u i t b o a r d . I n c l u d e d in t h i s p r o c e s s a r e :
1. C o n v e r s i o n of the e n g i n e e r ' s d e s i g n into a c c e p t a b l e c o m p u t e r input data.
E d i t i n g t h i s data f o r v a l i d i t y .
3. R e t e n t i o n in a c o m p u t e r -a c c e s s i b l e l i b r a r y of i n f o r m a t i o n on a c o m p o n e n t s c o n s i d e r e d s t a n d a r d f o r u s a g e in the s y s t e m . 4. A m e t h o d of h a n d l i n g n o n s t a n d a r d d a t a that would be e n t e r e d at the t i m e t h e b o a r d would be c o n s t r u c t e d . 6. With the c o m p o n e n t s p o s i t i o n e d on t h e l a y o u t , t h e n e c e s s a r y e l e c t r i c a l c o n n e c t i o n s a r e m a d e by r o u t i n g p a t h s c o n n e c t i n g a l l l i k e e l e c t r i c a l n o d a l p o i n t s t o g e t h e r .
7. It is n e c e s s a r y to g e n e r a t e by u s i n g the c o m p u t e r a s c h e m a t i c of the input c i r c u i t , a p a r t s o r d e r i n g l i s t , an a s s e m b l y d r a w i n g , a hole d r i l l i n g l i s t , and a m a s k u s e d to e t c h the c i r c u i t b o a r d , s e e F i g u r e s 1-5, r e s p e c t i v e l y . The c o m p u t e r p r o g r a m s f o r all of the output i n f o r m a t i o n w i l l be i n d e p e n d e n t s u b r o u t i n e s so that v a r i o u s p l o t t e r s can be u s e d f o r output. The f i r s t s e t of r o u t i n e s w r i t t e n a r e f o r the SC4020.
An e x t e n s i v e e f f o r t h a s b e e n m a d e to g e n e r a l i z e the s y s t e m l e a d i n g h i s s y s t e m can h a n d l e is 144 s q u a r e i n c h e s . T h i s a r e a r e p r e s e n t s any c o m b i n a t i o n of l e n g t h and width that s t a y s w i t h i n the p l o t t e r l i m i t a t i o n s . A n y o t h e r s i z e g r i d s c a n be h a n d l e d but would r e s u l t in the a r e a i n c r e a s i n g o r d e c r e a s i n g p r o p o r t i o n a l l y to the c h a n g e in g r i d s i z e . This schematic represents all the data needed for circuit representation, but there is a problem of a computer analyzing it. This system uses an intermediate individual of nonprofessional status to make the translation.
The procedure followed is to checkerboard the schematic so that every element {predefined symbol} is completely contained in a square.
Diagonal lines are undefined symbols. Every crossover, corner, or connecting line appears in a square. When the squares are labeled in rows and columns, x-y coordinates are assigned to each element of the circuit. Figure 6 is an input circuit sketch and Figure 7 shows the input circuit after it has been checkerboarded. Using a set of standard symbols (Figure 8 ), the locations and symbols are diagnosed by the computer to make up a node parts list. The set of standard symbols can be easily increased, if necessary, so that an engineer is not unduly restricted in the use of symbols, and new types of components can be added.
To make a system of this type effective, it is necessary to make component information readily available and easy for the engineer to specify. A library of these components, which have already been tested for acceptability within Sandia Corporation, will be kept on tape. Under these conditions, an engineer may, for example, specify only a resistance value in ohms, and the rest of the parameters for that resistor will be automatically included by the computer. P1, P 2 , P 3 , a n d P 4 a r e s t a t i o n a r y c o n t a c t s w h i c h c o n n e c t to the e l a s t i c l e a d s of C1, R2, R1, and R3, r e s p e c t i v e l y .
T
h e i n d i v i d u a l c o m p o n e n t is c o n f i n e d b y s o m e i n v i s i b l e m e a n s to s t a y in c o n t a c t w i t h the s u r f a c e of the b o t t o m of the box. If t h e c o m p o n e n t s w e r e p i n n e d to the b o t t o m of t h e box in a r a n d o m s e t of p o s i t i o n s , s o m e o r a l l of t h e e l a s t i c l e a d s w o u l d be s t r a i n e d in t e n s i o n a n d e a c h c o m p o n e n t w o u l d be a c t e d on b y a s e t of f o r c e s . If t h e c o m p o n e n t s w e r e s u d d e n l y r e l e a s e d f r o m t h e i r p i n n e d p o s i t i o n s , e a c h w o u l d a c c e l e r a t e a c c o r d i n g
to the i n s t a n t a n e o u s r e s u l t a n t f o r c e e x e r t e d on it. T h e c o m p o n e n t s w o u l d m o v e into a c l u s t e r and s t o p m o v i n g o n l y a f t e r r e s u l t a n t f o r c e s a c t i n g on e a c h c o m p o n e n t p r o v i d e d e n o u g h d e c e l e r a t i o n to stop a l l m o v e m e n t . At t h i s p o i n t , e a c h e l a s t i c l e a d is e i t h e r r e l a x e d o r s o m e o t h e r f o r c e in the s y s t e m h a s p r e v e n t e d it f r o m r e l a x i n g (e. g . , r e p u l s i v e f o r c e s b e t w e e n c o m p o n e n t s due to p h y s i c a l c o n t a c t ) . T h e m o t i o n of e a c h of the b o d i e s a f t e r r e l e a s e w o u l d d e p e n d on the i n s t a n t a n e o u s f o r c e on the body, i n s t a n t a n e o u s t o r q u e , and the f i r s t a n d s e c o n d i n t e g r a l of l i n e a r a n d a n g u l a r a c c e l e r a t i o n s w i t h r e s p e c t to t i m e . w i t h one a n o t h e r .
Fortunately, in the computer we are not limited to the physical laws of the real world. W e are free to define a n e w universe wherein bodies acted on by forces follow laws which w e are free to dictate. F o r example, a component m a y experience a repulsive force due to another component before the two actually m a k e contact. C o m p o n e n t s can even be allowed to pass through one another w h e n this is an advantage.
Basically, the universe we define is as follows. T h e f o r c e o n a c o m p o n e n t d u e t o a n o t h e r c o m p o n e n t is a f u n c t i o n of b o t h c o m p o n e n t s i z e s a n d t h e d i s t a n c e b e t w e e n t h e m .
T h e a t t r a c t i v e f o r c e s a n d t h e r e p u l s i v e f o r c e s r e f l e c t t h e s h a p e ( s ) o f t h e c o mp o n e n t s . A t t h e s t a r t of t h e c o m p u t a t i o n , t h e c o m p o n e n t s a r e l o c a t e d a t r a n d o m p o s i t i o n s o n t h e b o a r d . T h e f o r c e s a c t i n g o n t h e f i r s t c o m p o n e n t a r e c o mp u t e d a n d s u m m e d v e c t o r i a l l y . T h e n t h e c o m p o n e n t is m o v e d in t h e d i r e ct i o n o f t h e f o r c e b y a n a m o u n t p r o p o r t i o n a l t o it. N e x t , t h e c o m p u t a t i o n is p e r f o r m e d f o r t h e s e c o n d c o m p o n e n t , a n d t h e n t h e t h i r d . It i s r e p e a t e d u n t i l t h e l a s t c o m p o n e n t h a s b e e n m o v e d . T h i s c o m p l e t e s o n e i t e r a t i v e c y c l e . S e v e r a l i t e r a t i v e c y c l e s a r e p e r f o r m e d , e a c h s u c c e s s i v e o n e b a s e d o n t h e n e w p o s i t i o n s f o u n d b y t h e p r e c e d i n g i t e r a t i v e c y c l e . F o r w o r k a b l e s e t o f f o r c e e q u a t i o n s t h e c o m p o n e n t s m o v e l e s s a n d l e s s o n e a c h s u c c e s s i v e c y c l e u n t i l a p o i n t is r e a c h e d w h e r e t h e a v e r a g e m o v e m e n t is l e s s t h a n s o m e p r e d e f i n e d a m o u n t . A t t h i s point~ #
See Appendix "]3 for exact force equations.
an a p p r o x i m a t e s o l u t i o n has b e e n found to the s e t of f o r c e e q u a t i o n s .
That is, w h e n the c o m p o n e n t s no l o n g e r m o v e in the d o m a i n , the r e s u l tant f o r c e on e a c h is z e r o .
D u r i n g N i t e r a t i v e c y c l e s a c o m p o n e n t o c c u p i e s N d i s c r e t e p o s it i o n s in the d o m a i n . If the c o o r d i n a t e s of t h e s e p o s i t i o n s w e r e c o n n e c t e d
s e q u e n t i a l l y with s t r a i g h t l i n e s , the c o m p o n e n t could be c o n s i d e r e d as h a v i n g f o l l o w e d t h i s p a t h in the x -y p l a n e .
The t o t a l p l a c e m e n t a l g o r i t h m is m a d e up of t h r e e p h a s e s . E a c h p h a s e is m a d e up of s e v e r a l i t e r a t i v e c y c l e s . The p h a s e s d i f f e r m a i n l y
in the value of the r e p u l s i v e c o n s t a n t f o r e a c h of the c o m p o n e n t s .
I R e p u l s i o n is p r o p o r t i o n a l to r e p u l s i v e c o n s t a n t . } D u r i n g the f i r s t p h a s e the r e p u l s i o n b e t w e e n c o m p o n e n t s w h i c h do not s h a r e a c o m m o n node is z e r o . T h i s a l l o w s t h e s e c o m p o n e n t s to p a s s t h r o u g h one a n o t h e r u n i m p e d e d . T h i s p h a s e is t e r m i n a t e d w h e n the a v e r a g e m o v e m e n t of the c o m p o n e n t s g o e s b e l o w s o m e p r e d e f i n e d a m o u n t . D u r i n g the s e c o n d p h a s e the r e p u l s i o n b e t w e e n c o m p o n e n t s w h i c h do not s h a r e a c o m m o n node i s i n c r e a s e d to a m a x i m u m a m o u n t . T h i s m a x i m u m a m o u n t is u s u a l l y e n o u g h to p r e v e n t any o v e r l a p of c o m p o n e n t s .

The s e c o n d p h a s e is t e r m i n a t e d like the f i r s t . D u r i n g the t h i r d p h a s e the c o m p o n e n t s a r e c h e c k e d f o r o v e r l a p .
If t h e r e is no o v e r l a p the p r o g r a m is c o m p l e t e d .
If t h e r e is o v e r l a p , the r e p u l s i v e c o n s t a n t s of the c o m p o n e n t s that a r e o v e r l a p p i n g a r e i n c r e a s e d . C h e c k i n g and i n c r e a s i n g the r e p u ls i v e c o n s t a n t s is c o n t i n u e d u n t i l no o v e r l a p e x i s t s . The f i n a l s e t of
c o o r d i n a t e p o i n t s d e f i n e s t h e c o m p o n e n t l o c a t i o n s in the d o m a i n and on the face of the p r i n t e d c i r c u i t b o a r d . K n o w i n g the c e n t e r c o o r d i n a t e s of the c o m p o n e n t s a n d t h e i r l e a d c o o r d i n a t e s w i t h r e s p e c t to t h e i r c e n t e r s , the p o s i t i o n s of the l e a d s c a n be c o m p u t e d . T h i s c o m p l e t e s t h e i n f o r m a t i o n n e e d e d f o r t h e r o u t i n g p r o g r a m .
An e f f o r t w a s m a d e to i m p r o v e the r o u t i n g t e c h n i q u e r e f e r r e d to a s L e e ' s A l g o r i t h m . * A f i n a l c o m p r o m i s e w a s a c c e p t e d w h i c h e n t a i l s e s s e n t i a l l y a t t e m p t i n g to m a k e a c o n n e c t i o n u s i n g a n L s h a p e d p a t h a n d , One point is a s s i g n e d the n u m b e r 1 a n d t h e o t h e r a l a r g e n u m b e r l i k e 100 o r 1000.
F r o m the point w h i c h s t a r t e d w i t h a count of 1, the p r o c e d u r e is to m o v e o u t w a r d to a l l a d j a c e n t o r t h o g o n a l m a t r i x e l e m e n t s .
A f t e r e s t a b l i s h i n g t h a t t h e s e e l e m e n t s a r e e m p t y , t h e y a r e f i l l e d with the n u m b e r 2. F r o m a l l e l e m e n t s c o n t a i n i n g a 2,
the o u t w a r d m o v e m e n t c o n t i n u e s to a d j a c e n t o r t h o g o n a l e l em e n t s w h i c h , if e m p t y , a r e f i l l e d w i t h the n u m b e r 3, e t c .
The s a m e p r o c e d u r e is f o l l o w e d f r o m the point s t a r t i n g w i t h
the n u m b e r 100 e x c e p t the n e x t n u m b e r is 99, the n e x t 98, e t c .
4
. By s c a n n i n g the e n t i r e b o a r d e l e m e n t by e l e m e n t a n d i n s e r t i n g the 2ts a n d 99's in the f i r s t s c a n , 3 a n d 98 the s e c o n d s c a n , e t c . , the e f f e c t is to " g r o w ' n u m b e r s o u t w a r d in " c o u n t -a r e a s . "
tions,
L e e , C. Y . , "An A l g o r i t h m f o r P a t h C o n n e c t i o n s a n d Its A p p l i c a -" T r a n s a c t i o n s I . R . E . , P G E C -1 0 , S e p t e m b e r 1961, p. 346.
W h e n the t w o c o u n t -a r e a s i n t e r s e c t , a c o n n e c t i n g p a t h is m a d e b e t w e e n the two p o i n t s to be c o n n e c t e d . T h i s p a t h is m a d e as f o l l o w s :
a. I n s e r t p a t h w a y i d e n t i t y s y m b o l s in the a d j a c e n t a r e a e l e m e n t s at the point of i n t e r s e c t i o n of the c o u n t -a r e a s .
b. E x t e n d t h i s p a t h w a y by a s e a r c h up the n u m e r i c a l s c a l e t o w a r d 100, a l w a y s e x t e n d i n g the p a t h w a y in a s t r a i g h t l i n e if p o s s i b l e .
c. E x t e n d the p a t h w a y down the n u m e r i c a l s c a l e f r o m the point of i n t e r s e c t i o n , a g a i n e x t e n d i n g it in a s t r a i g h t l i n e if p o ss i b l e .
W h e n the p a t h is d e f i n e d , it is f i l l e d w i t h a p p r o p r i a t e node
n u m b e r s . A l l of the o t h e r c o u n t -a r e a e l e m e n t s w h i c h w e r e f i l l e d in the p r o c e s s of " g r o w t h " a r e c l e a r e d .
7. P r o c e e d to t h e n e x t s e t of p o i n t s to be c o n n e c t e d .
The r o u t i n g m a t r i x m a y c o n t a i n c o d e d eler~ients w h i c h a c t a s i s o l at i o n e l e m e n t s to c o n d u c t o r p a t h s . T h i s a l l o w s f o r h o l e d r i l l i n g a r e a s ,
c o m p o n e n t h e a t s i n k s , i r r e g u l a r b o a r d p e r i m e t e r s , a n d a n
y o t h e r o b j e c t s t h a t r e q u i r e c o n d u c t i n g p a t h s to b y p a s s t h e i r l o c a t i o n .
A f t e r the r o u t i n g is c o m p l e t e d , the i n f o r m a t i o n g e n e r a t e d is p a s s e d on to a n o u t p u t p l o t t i n g p r o g r a m w h i c h g e n e r a t e s a n a s s e m b l y d r a w i n g an~ a m a s k f o r the b o a r d e t c h i n g . T h e p r o g r a m s a r e w r i t t e n to u t i l i z e t h e SC4020 f o r t h e s e o u t p u t s . Sandia a l s o h a s on o r d e r a G e r b e r p l o t t e r a n d h a s on h a n d a C a l C o m p p l o t t e r , e i t h e r of w h i c h c o u l d be u s e d f o r t h i s o u t p u t . W o r k i s in p r o c e s s w i t h i n S a n d i a to m a k e a m o s a i c c a m e r a w h i c h w i l l e f f e c t i v e l y i n c r e a s e the output r e s o l u t i o n of the SC4020 by a f a c t o r of 10. T h i s s h o u l d give m o r e t h a n e n o u g h a c c u r a c y a n d r e s o l u t i o n f o r t h i s a c t i v i t y . A n a t t e m p t w i l l be m a d e w i t h i n Sandia to a l l o w the c o m p o n e n t s to r o t a t e about t h e i r c e n t r o i d s . T h e n u m b e r of t h e p o i n t to w h i c h t h i s point is c o n n e c t e d , if a n y (blank i s a c c e p t a b l e ) c. A l e t t e r 'Y' if a l a n d is to be c e n t e r e d at the p o i n t T h e r e m a y be a s m a n y as 99 p o i n t s . C.
One of the i m m e d i a t e g o a l s is to s o p h i s t i c a t e t h e s y s t e m w i t h i n the e x i s t i n g f r a m e w o r k . S a n d i a h a s u n d e r t a k e n a n o t h e r j o i n t e f f o r t w i t h t h e T h o m a s B e d e F o u n d a t i o n to e x t e n d t h e c a p a b i l i t i e s of the s y s t e m in
S o m e of the f u t u r e a c t i v i t i e s we hope to i n c o r p o r a t e w i t h i n the f r a m e w o r k of t h i s s y s t e m a r e the g e n e r a t i o n of m o d u l a r i n t e g r a t e d c i r c u i t s and t h e e x p a n s i o n of t h e u s e of c i r c u i t a n a l y s i s p r o g r a m s s u c h t h a t an e n g i n e e r c o u l d e x p e c t to h a v e his c i r c u i t a n a l y z
In a d d i t i o n , if s o m e of the p o i n t s a r e c o n n e c t e d o r h a v e l a n d s , t h e p a t h w i d t h , l a n d d i a m e t e r , h o l e d i a m e t e r s h o u l d be s p e c i f i e d , u n l e s s t h e s t a n d a r d v a l u e s p a t h width:
. 0 5 i n c h l a n d d i a m e t e r : .15 i n c h h o l e d i a m e t e r : .05 i n c h a r e a c c e p t a b l e , in w h i c h c a s e t h e s e i t e m s m a y be b l a n k . T h e s t o c k n u m b e r a n d ] o r c o n n e c t o r -m a n u f a c , t u r e r n u m b e r m a y be s, o n e n t c e n t e r , and at l e a s t one s u c h p a i r m u s t be s p e c i f i e d ( r e m a i n i n g u n u s e d p a i r f i e l d s s h o u l d be blank}; l e a d d i a m e t e r and l o c a t i o n t o l e r a n c e a r e o p t i o n a l , and s t a n d a r d v a l u e s will be i n s e r t e d if t h e s e f i e l d s a r e b l a n k .
For transistors and diodes, JEDEC number replaces value, tolerance, units, and composition. 
